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Poultry by-products as source of collagen, nanokeratin and bioapatite for biomedical use1
Subprodutos avícolas como fonte de colágeno, nanoqueratina e bioapatita para uso biomédico
Francisco Fábio Pereira de Souza2, Fabio Lima Cavalcante3, Igor Iuco Castro-Silva4*, André Luis Coelho da
Silva5, Men de Sá Moreira de Souza Filho6
ABSTRACT - Xenogeneic sources are attractive for the development of natural and sustainable biomaterials. The objective of this study
was to extract and perform the physicochemical and biological characterization of poultry collagen (G1), nanokeratin (G2) and bioapatite
(G3). The test materials were analyzed through SEM, FTIR, TGA, EDS and DRX. The in vivo biocompatibility and biodegradation of
the materials were analyzed histopathologically in mice at 1, 3 and 9 weeks post-subcutaneous grafting compared to positive (collagen or
commercial bone) and negative (no graft) controls. The obtained data was submitted to intergroup statistical analysis using the ANOVA
method with the Tukey-Kramer post-hoc test, and differences were considered signifi cant for p < 0.05. G1 had an irregular fi lamentous
microstructure typical of type I collagen, a band spectrum of amide A, I, II and III, common to proteins and compatible with triple helix
maintenance, and mass loss after 40.5 °C. G2 had blades of various sizes with rough surface, with bands of amide I, II and reduced amide
A and mass loss after 50 °C. G3 presented as white powder, free of organic matter, Ca/P ratio of 1.54, bands of type A and B carbonate
substitution, high crystallinity and mass loss after 150 °C. All groups exhibited biocompatibility, with a non-irritating pattern in G1 and slight
irritation in G2 and G3, while biodegradation was complete in G1 and G2 and partial in G3. The observed biomimicry, biocompatibility and
biodegradation suggest the potential of poultry collagen and nanokeratin as hemostatic agents and bioapatite for bone grafting, requiring
future orthotopic effi cacy studies.
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RESUMO - Fontes xenógenas são atrativas para o desenvolvimento de biomateriais naturais e sustentáveis. Este estudo objetivou a
extração e a caracterização físico-química e biológica de colágeno (G1), nanoqueratina (G2) e bioapatita (G3) avícolas. Os materiais-
teste foram analisados por MEV, FTIR, TGA, EDS e DRX. Biocompatibilidade e biodegradação in vivo dos materiais foram analisadas
histopatologicamente em camundongos em 1, 3 e 9 semanas pós-enxertia subcutânea em comparação aos controles positivos (colágeno ou
osso comercial) e negativo (sem enxerto). Os dados obtidos foram submetidos à análise estatística intergrupos pelo método de ANOVA com
pós-teste de Tukey-Kramer, sendo consideradas diferenças signifi cativas se p < 0,05. G1 apresentou microestrutura fi lamentosa irregular
típica do colágeno tipo I, espectro de bandas de amidas A, I, II e III comuns a proteínas e compatíveis com manutenção da tripla hélice
e perda de massa a partir de 40,5 °C. G2 apresentou lâminas de diversos tamanhos com superfície rugosa, com bandas de
amida I, II e reduzida amida A e perda de massa a partir de 50 °C. G3 apresentou pó branco, livres de matéria orgânica,
relação Ca/P de 1,54, bandas de substituição por carbonato tipo A e B, alta cristalinidade e perda de massa a partir de 150 °C. Todos os
grupos exibiram biocompatibilidade, com padrão não irritante em G1 e pouco irritante em G2 e G3, enquanto a biodegradação foi total em
G1 e G2 e parcial em G3. Biomimetismo, biocompatibilidade e biodegradação observados indicam potencial de colágeno e nanoqueratina
avícolas para agentes hemostáticos e de bioapatita para enxerto ósseo, sendo necessários futuros estudos ortotópicos de efi cácia.
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INTRODUCTION
Brazil ranks second in the world in the production
of poultry protein, with an output of 13 million tons
of chicken meat annually, equivalent to the sum of all
national production of beef, pork, and fi sh (CASTRO-SILVA
et al., 2018). The global poultry industry also generates a
signifi cant amount of waste, including feathers, feet, skin,
heads, and bones (ARANBERRI et al., 2017). An annual
production of 65 billion tons is estimated for feathers
alone (ZHAO et al., 2012).
According to the current concept for green industries,
it is important to seek appropriate strategies for the disposal
or reuse of processed materials to minimize environmental
impacts, fostering sustainability and social responsibility
(ARANBERRI et al., 2017; REDDY, 2015). Poultry by-
products are sources of proteins, such as collagen and
keratin, and minerals, such as apatite, and the study of their
potential for the development of biotechnological inputs
has started in the last decade (SUPOVÁ; MARTYNKOVÁ;
SUCHARDA, 2011; REDDY, 2015; WANG et al., 2016).
Collagen is found in abundance in the skin,
while keratin can be isolated from hair, nails, horns,
wool, and feathers. Both are fibrous proteins that show
similarity across animal species, cell adhesion and
proliferation, as well as biocompatibility in vivo (YAO
et al., 2017). Early preclinical studies have shown that
avian collagen and keratin contribute to tissue repair,
either as hemostatic or skin wound healing agents
(REDDY, 2015; WANG et al., 2016).
Poultry bioapatite mimics human bone and
would be a low cost and high availability alternative
for obtaining the mineral bone fraction (SUPOVÁ;
MARTYNKOVÁ; SUCHARDA, 2011). In general,
natural xenogeneic apatites have a similar structure
to human hydroxyapatite, with biocompatibility,
bioactivity and potential applications in orthopedic and
dental surgeries (ESMAEILKHANIAN et al., 2019).
The use of organic and inorganic avian
matrices, alone or in hybrid form, in guided clinical
bone regeneration procedures would represent a
technological innovation. Due to their wide availability
and low surgical morbidity compared to autogenous
materials, these xenogeneic biomaterials would
converge with the principle of sustainability and would
be attractive for the development of bone substitute
products (CASTRO-SILVA et al., 2018).
The objective of this study was to extract collagen,
nanokeratin, and bioapatite from poultry industry by-
products and perform a preliminarily evaluation in vivo
of their physicochemical and biological properties for
future biomedical applications.
MATERIAL AND METHODS
Sample acquisition and processing
This work was previously registered in the
National System for the Management of Genetic Heritage
and Associated Traditional Knowledge (Sistema Nacional
de Gestão do Patrimônio Genético e do Conhecimento
Tradicional Associado - SisGen) under registration
number A576649. All raw materials from Gallus gallus
domesticus were derived from the broiler processing waste
of a poultry industry in Fortaleza, Brazil.
The collagen extraction followed an adaptation of
the protocol by Zeng et al. (2009). 800 g of chicken skin
and tendons, sanitized with hypochlorite, were treated with
NaOH 0.05 mol/L 1:10 (w/v) to remove non collagenous
proteins, with ethanol 10% (v/v) 1:10 (w/v) to remove
lipids, and with EDTA 0.05 mol/L at pH 8 1:10 (w/v) for
demineralization; all treatments were performed at 8 ºC
under stirring for 24 h and interspersed with washes with
distilled water for neutralization. The material was then
treated with 0.5 mol/L 1:25 (v/v) of acetic acid at 8 ºC under
stirring for 72 h, fi ltered in TNT to remove non-solubilized
particles, and placed to precipitate in 0.9 mol/L of NaCl for
24 h. The precipitated collagen was centrifuged at 13,000
rpm for 5 min at 4 ºC, redissolved in 0.5 mol/L acetic
acid, and subjected to a new cycle of precipitation and
centrifugation as described above. Finally, the obtained
collagen was dialyzed against a solution of NaHPO4-
0.02 mol/L at 8 ºC for 48 h in 12-14 KDa membranes and
against distilled water until neutral pH, after which it was
freeze-dried and ground in an analytical impact grinding
mill (Model A11BS32, IKA, Germany).
The keratin extraction followed the protocol by
Saravanan et al. (2013). Chicken feathers previously sanitized
with a neutral detergent solution were washed with 70%
(v/v) alcohol to remove lipids, dried at room temperature and
ground in a knife mill (Tecnal-TE 058). 100 g of ground
feathers were treated with NaOH 5% (m/m) 1:40 (w/v)
at 40 ºC under stirring for 4 h, fi ltered in TNT to remove
insoluble particles, and dialyzed against distilled water
for 48 h with water exchange every 24 h. The dialyzed
material was precipitated through the addition of 2
mol/L-1 HCl until pH 4.2, centrifuged at 10,000 rpm
for 10 min at 25 °C, neutralized in washes with distilled
water, and lyophilized. To obtain the nanokeratin, 1 g
of freeze-dried keratin was solubilized in 20 mL of
deionized water at pH 8. Then, 80 mL of absolute
ethanol was added to the solution under stirring at the
rate of 1 mL/min and 10 µL of 8% (v/v) glutaraldehyde
and kept under stirring for 24 h for the formation of
nanoparticles. The formed nanokeratin was separated
by centrifugation at 13,000 rpm for 15 min, submitted to
several washing cycles in deionized water interspersed
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by 5 min ultrasonication cycles until complete removal
of the glutaraldehyde and, finally, lyophilized.
Hydroxyapatite extraction followed the alkaline
hydrothermal method of Supová, Martynková and Sucharda
(2011). 200 g of chicken foot bones were immersed in 2%
(w/v) 1:10 (w/v) NaCl solution and autoclaved at 120 °C
for 30 min. The material was ground in an analytical impact
grinding mill (Model A11BS32, IKA, Germany), treated
with an acetone:ether (3:2) 1:2 (w/v) solution for 24 h to
remove lipids, and with NaOH 4% (w/v) 1:20 (w/v)
for 24 h to remove proteins, and neutralized in washes with
deionized water. After chemical treatment, the material was
calcined in a muffl e furnace at 500 °C for 18 h, washed with
deionized water and dried in an oven at 80 ºC.
Physicochemical characterization
Samples of poultry collagen, nanokeratin and
biopatite were characterized by Scanning Electron
Microscopy (SEM), Fourier Transform Infrared
Spectroscopy (FTIR) and Thermogravimetry (TGA).
For the SEM analysis, the samples were gold metallized
and analyzed under a ZEISS-DSM 940-A microscope at 15
kV. The FTIR analysis was performed in a FTLA 2000-102
device (ABB-BOMEM), and the TGA analysis in a STA
6000/8000 device (PerkinElmer) in a synthetic air atmosphere
with a fl ow rate of 40 mL/min, heating rate of 10 °C/min and
temperature range of 20 to 800 °C. Additionally, the bioapatite
was characterized by Energy Dispersive Spectroscopy (EDS)
to quantify the Ca/P molar ratio, and by X-ray diffraction
(XRD) to identify crystalline materials.
In Vivo Biological Characterization
The preparation of the samples for grafting
was based on ISO 10993-6 (INTERNATIONAL
ORGANIZATION FOR STANDARDIZATION, 2016),
defining the standard relative surface area of 10 mm2
to arrive at the individual amount of product to be
inserted. The equivalent amounts of each group were
weighed, arranged in plastic microtubes and sterilized
by ultraviolet light for 30 min.
All procedures for animal experimentation were
approved by the institutional Animal Use Ethics Committee
(Comissão de Ética no Uso de Animais, CEUA UFC-Sobral)
under protocol number 04/17. Forty-fi ve adult, heterogeneous
Swiss mice (Mus musculus) of both sexes and weighing
30 g were subjected to general anesthesia by intramuscular
application of 100 mg/kg of ketamine (Dopalen®, CEVA,
Brazil) and 12 mg/kg of xylazine (Anasedan®, CEVA,
Brazil). The trunk-dorsal region was trichotomized and
degermed with 0.5% alcoholic chlorhexidine (Rioquimica,
São José do Rio Preto, SP, Brazil), with linear incisions
of 1cm in length and delicate divulsion of the subcutaneous
tissue in order to create two subdermal pockets of 10 mm2.
The test groups were collagen (G1), nanokeratin (G2) and
avian bioapatite (G3). The controls were: commercial bovine
collagen (Lumina Coat Double Time, Criteria, SP, Brazil),
used as positive control (C1+) for G1 and G2, bovine mineral
bone (Lumina Bone, Criteria, SP, Brazil), used as positive
control (C2+) for G3, and surgical wound with blood clot and
no graft, used as negative control (C-) for all groups. Each
animal received a test and control group graft. Euthanasia
was performed by anesthetic overdose 1, 3 or 9 weeks after
surgery, with 5 animals per experimental condition.
The excisional necropsies of the grafted region
were fixed for 48 h in 4% formalin (VETEC, Duque
de Caxias, RJ, Brazil) buffered at pH 7.2. G3 and C2+
were also decalcifi ed for 1 h in a solution of 10% aqueous
nitric acid and 4% buffered formalin (1:1) and washed
in tap water for 1 h. The samples were then cleaved
and underwent histological processing and microtomy.
Sections of 5 μm were stained with the Hematoxylin-
Eosin (HE) technique. All histological slides were
photodocumented on a FWL-1000 optical microscope
(Feldman Wild Leitz, Manaus, AM, Brazil) coupled with a
Cybershot DSC-W300 Super Steady Shoot camera (Sony,
Tokyo, Japan), capturing 5 non-overlapping fi eld images
at 400x magnifi cation for each slide. They were evaluated
descriptively and quantitatively under the supervision of
a pathologist. The biocompatibility and biodegradation
pattern for each type of graft was determined by the
presence gradations ranging from 0 to 4 based on ISO
10993-6 (INTERNATIONAL ORGANIZATION FOR
STANDARDIZATION, 2016) and by comparing the
mean scores obtained in each experimental condition
of the test groups against the controls.
For the biocompatibility analysis, the irritation
pattern for each experimental condition (25 results,
considering quintuplicates of animals and images for each
test or control group) used three equations: (1) infl ammatory
pattern equation (Ix); (2) repair pattern equation (Rx); (3)
general irritation pattern equation (IP), described below.
Ix = 2Ʃ (N + L + M + GC)                                             (1)
Where Ix = infl ammation pattern; sub-index x = test or
control group;N= mean neutrophils;L= mean lymphocytes;
M = mean macrophages; GC = mean giant cells.
Rx = 2Ʃ (NV + CT)                                                        (2)
Where Rx = repair pattern; sub-index x = test or control
group; NV = mean neovascularization; CT = mean
connective tissue.
IP = (It + Rt) – (Ic- + Rc-)                                                (3)
Where IP = Irritation pattern; It = test group
inflammation pattern; Rt = test group repair pattern; Ic-
= negative control inflammation pattern; Rc- = negative
control repair pattern.
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The ISO 10993-6 (INTERNATIONAL
ORGANIZATION FOR STANDARDIZATIONS, 2016)
standard defines biocompatibility standards for grafted
materials, including: non-irritating (0-2.9), slightly
irritating (3-8.9), moderately irritating (9-15) or
severely irritating (> 15). In case of a negative result by
subtraction of negative control, the irritation standard
is considered zero.
For the biodegradability analysis, the
morphological integrity of the grafts in subcutaneous
tissue over the experimental times was calculated
using increasing presence gradations of the material in
quartiles, ranging from 0 (absent), 1 (< 25%), 2 (< 50%), 3
(< 75%) to 4 (> 75%). The average pattern for each test
group per experimental condition (25 results, considering
quintuplicates of animals and images for each group) was
compared to its respective positive control.
The GraphPad InStat software, version 3.0
(GraphPad Software, Inc., USA), was used for the
statistical analysis of the distribution of mean values
± standard deviations of the biocompatibility and
biodegradability in order to compare test and control
groups. The One-Way ANOVA with the Tukey-Kramer
post-hoc test was adopted, and differences were
considered significant if p < 0.05.
RESULTS AND DISCUSSION
Physicochemical Analysis of the Samples
Figure 1 shows the macro and microscopic structure
of poultry collagen (G1), nanokeratin (G2) and bioapatite
(G3). G1 showed an irregular fi lamentous microstructure
typical of type I collagen and a clean-looking surface,
free of non-collagenous proteins or inorganic material
(Figure 1), which qualitatively confi rms the effi ciency
of the removal processes of these constituents in the
samples. These fi ndings are characteristic of type I collagen
samples, indicative of a high-water absorption potential
(ZENG et al., 2009). G2 showed blades of various sizes
with a rough surface, a thickness of approximately 200
nm and a mean nanoparticle size of 167 nm, obtained as
weighted mean (Figure 1). Saravanan et al. (2013) obtained
keratin nanoparticles in a similar process with a spherical
morphology. This suggests that the laminar aspect of the
obtained nanokeratin may be the result of aggregation
resulting from the freeze-drying process. G3 presented as
a white powder with fi ne granulometry, evidence of the
removal of organic constituents in the bone (Figure 1).
The EDS spectrum showed a typical composition
of biological apatites, being composed mostly of Ca and P
and other minority elements (C, O, Mg, Br and Na), usually
Figure 1 - Macroscopy (A) and SEM (B) of poultry collagen, nanokeratin and bioapatite
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accepted as resulting from the substitutions they occupy in
the crystal structure. The Ca/P molar ratio of G3 was 1.54
± 0.06. This value is lower than the 1.67 of stoichiometric
hydroxyapatite (HA) and close to the 1.63-1.64 of other
calcium-defi cient biological apatites derived from
poultry through the alkaline hydrothermal method,
and it is indicative of potential bioactivity and
biocompatibility (ESMAEILKHANIAN et al., 2019;
ŠUPOVÁ; MARTYNKOVÁ; SUCHARDA, 2011).
Figure 2 shows the chemical composition and thermal
stability results of test groups G1, G2, and G3. G1 had a
spectrum of Amide A bands at 3300 cm-1 associated with
the vibrational stretching of N-H bonds, presenting a shift
from 3400 to 3300 cm-1, related to the existence of hydrogen
bonds between the chains; Amide I at 1628 cm-1 referring to
the vibrational stretching of carboxylic groups; Amide II at
1550 cm-1 related to the angular deformation of the N-H bond;
Amide III at 1238 cm-1 associated with the vibrational increase
of C-N bonds; and the band at 1452 cm-1, associated with
the deformation of C-H groups of the pyrrolidine ring of the
proline and hydroxyproline, bands related to the integrity of
the triple helix (Figure 2A). Mass loss or denaturation occurred
after 40.5 °C (Figure 2B). Both the triple helix maintenance
and the denaturation temperature are in line with reports in
the literature for collagen obtained from chicken skins and
extracted in acid solution (SANTANA et al., 2020; ZENG
et al., 2009). G2 showed a band at 1538 cm-1 characteristic of
the N-H bending of proteins (Amide II); a band at 1632 cm-1
related to the vibrational stretching of C=O bonds of the amide
groups and particularly sensitive to the secondary structure of
proteins, representing a slight shift of Amide I, which may be
a result of the amplifi cation of zones with a β confi guration,
since keratin also presents minority portions of α-helix
confi guration (ZHAO et al., 2012); and a decreased band at
3300 cm-1 (Amide A) (Figure 2A), related to the presence of
ordered α-helix regions and symmetric N-H bond stretching
(YAO et al., 2017). Such a decrease may also be related to
the way in which glutaraldehyde crosslinks, which, according
to the literature, occurs mainly through the formation of shiff
bases with the amino groups of the proteins. As a result, the
availability of these groups is reduced (REDDY, 2015).
Even with crosslinking, mass loss occurred after 50 °C
and reached 80% (Figure 2B), being associated with the
breaking of disulfi de bonds, breaking of peptide bonds and
degradation of the protein structure, a similar behavior to
other poultry keratin (ARANBERRI et al., 2017).  G3 did
not show bands referring to organic matter present in the
bone in natura, but it had bands at 870 cm-1 referring to the
presence of carbonate as type B substitution (when part of the
PO43- groups are replaced by CO3
2- in the crystal structure)
and at 878 cm-1 (Figure 2A), slightly smaller and referring to
type A carbonate substitution (when OH groups are replaced
by carbonate). Still, the carbonate content was equivalent to
5.02%. The mass loss between 150 °C and 310 °C was
progressive, equivalent to 0.5% of mass, suggesting
some remaining organic aggregate, increasing to 2.5%
after 310 °C (Figure 2B).
The X-ray diffraction analysis showed narrow and
well-defi ned peaks (Figure 3), revealing a high degree of
correlation with the characteristic peaks of hydroxyapatite
present in the PDF-2-ICDD-01-082-1943 datasheet, which is
compatible with high crystallinity.
Figure 2 - FTIR (A) and TGA (B) of poultry collagen, nanokeratin and bioapatite
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Based on the diffractograms, a 95% crystallinity
index was also quantifi ed. The absence of organic matter
confi rms the complete removal of organic constituents
after calcination (RAMESH et al., 2018). The hardness
of apatites from bovine and goat bones is closer to that
of the human cortical bone, while chicken bones exhibit
phase instability with traces of βTCP (RAMESH et al.,
2018). Nevertheless, the carbonate content of poultry bone
close to human levels and the high crystallinity suggest
potential for bioactivity and biocompatibility (ŠUPOVÁ;
MARTYNKOVÁ; SUCHARDA, 2011). The literature
reports that B-type substitution is generally predominant
Figure 3 - Diffractogram of poultry bioapatite
in biological apatite (RAMESH et al., 2018). Carbonate
substitution in apatite is causally related to the increase
in solubility, being more easily absorbed by living cells
compared to pure HA, which enhances the bioactivity
of bioapatites (ESMAEILKHANIAN et al., 2019).
The carbonate content found in this bioapatite exceeds
the 3.11% found in another study with chicken femur bone
(ŠUPOVÁ; MARTYNKOVÁ; SUCHARDA, 2011). The
mass loss accentuated by temperature may be related to the
decomposition of part of the carbonate percentage present
in the bioapatite. However, a high initial degradation
temperature is in alignment with a decrease in the
degradation rate in vivo, which may be determinant for
applications in which the longevity of the biomaterial in the
biological system is desired (RAMESH et al., 2018).
Biocompatibility analysis
Figure 4 shows distinct profi les of biological responses
in mice according to time and treatment. G1 exhibited
mixed infl ammatory infi ltrate at 1 week, well-vascularized
granulation tissue at 3 weeks, and loose connective tissue
with areas of fi brosis at 9 weeks. G2 exhibited mixed
infl ammatory infi ltrate at 1 week, granulation tissue rich
in multinucleated foreign body giant cells at 3 weeks, and
the persistence of granulation tissue at 9 weeks. These
phenomena were like C1+, with mixed infl ammatory infi ltrate
at 1 week, granulation tissue at 3 and 9 weeks, maintaining its
stable structure until the end of the experiment. G3 showed
Figure 4 - Histopathological analysis of the biocompatibility of poultry collagen (G1), nanokeratin (G2), bioapatite (G3) versus the
positive controls’ commercial collagen (C1+) (for G1 and G2) and commercial bone (C2+) (for G3), grafted into the subcutaneous
tissue of mice over the period of 1 week (A-E), 3 weeks (F-J) and 9 weeks (K-O). Staining: HE, Magnifi cation: 40x. Scale bar: 200
µm. Neutrophilic (*) or lymphocytic (**) infl ammatory infi ltrate, multinucleated foreign body-like giant cells (►), blood vessels (→),
connective tissue (C) and material (M). Staining: HE, Magnifi cation: 400x. Scale bar: 20 µm
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mononuclear infl ammatory infi ltrate at 1 week, vascularized
granulation tissue with moderate presence of multinucleated
foreign body giant cells at 3 weeks, and the persistence of
giant cells at 9 weeks, with granulation tissue giving way
to loose connective tissue or areas of fi brosis. C2+ showed
mild polymorphonuclear infl ammatory infi ltrate at 1 week,
minimal infl ammatory infi ltrate at 3 and 9 weeks, with some
giant cells, compatible with its partial resorption.
Table 1 shows the biocompatibility found for
groups G1, G2 and the controls. Along the experimental
period, there was a decrease in the irritation pattern,
classifi ed at 9 weeks as non-irritant for G1, like C1+,
and as slightly irritant for G2, which was different from
the non-irritant pattern found in its respective positive
controls (C1+ and C2+). As for the statistical differences
in the biological criteria under analysis, varied profi les
were observed according to time and experimental group.
Table 1 - Quantitative analysis of the biocompatibility of poultry collagen (G1) and nanokeratin (G2) versus controls in the subcutaneous
tissue of mice over the experimental times (T) of 1, 3 and 9 weeks (w) (mean ± standard deviation of 25 fi elds per treatment)
*Statistically signifi cant values between each test group and the control groups by experimental time through One-Way ANOVA with the Tukey-Kramer
post-hoc test. Test groups: poultry collagen (G1) and nanokeratin (G2). Positive control: commercial collagen (C1+). Negative control: surgical wound
without graft (C-). Scores: non-irritating (NI), slightly irritating (SI) or moderately irritating (MI). FBGC: Foreign body multinucleated giant cells
Criteria T





C1+ C-C1+ C- C1+ C-
INFLAMMATION
Neutrophils
1w 1.56 ± 1.47 0.001 0.001 2.16 ± 1.82 0.001 0.001 0.16 ± 0.62 0.24 ± 0.44
3w 0.32 ± 0.56 - - 0.80 ± 1.23 - - 0.12 ± 0.33 0.08 ± 0.28
9w 0.04 ± 0.20 - - 0.16 ± 0.37 - - 0 0
Lymphocytes
1w 2.80 ± 0.41 0.001 0.001 2.60 ± 0.50 0.001 0.001 2.28 ± 0.80 0.72 ± 0.46
3w 2.40 ± 0.65 0.001 0.001 1.92 ± 0.81 0.001 0.001 1.60 ± 1.00 0.60 ± 0.50
9w 0.60 ± 0.50 - - 1.32 ± 0.75 - 0.001 0.76 ± 0.72 0.44 ± 0.51
Macrophages
1w 0.68 ± 0.48 - - 0.80 ± 0.41 0.05 - 0.28 ± 0.46 0.40 ± 0.56
3w 2.08 ± 1.63 0.001 0.001 1.92 ± 1.12 0.001 0.001 0.04 ± 0.20 0.40 ± 0.50
9w 0.28 ± 0.61 - - 1.40 ± 1.36 0.001 0.001 0 0.12 ± 0.33
FBGC
1w 0.12 ± 0.33 - - 0 - - 1.20 ± 0.65 0.04 ± 0.20
3w 0.40 ± 0.50 - - 1.36 ± 1.08 - 0.001 1.84 ± 0.75 0.04 ± 0.20
9w 0.04 ± 0.20 - - 1.44 ± 1.26 0.05 0.01 1.32 ± 0.63 0.16 ± 0.37
REPAIR
Neovascularization
1w 2.40 ± 1.08 0.001 0.01 2.04 ± 1.27 0.001 - 2.00 ± 1.58 1.00 ± 0.82
3w 1.72 ± 1.14 - - 1.68 ± 1.28 - - 1.20 ± 0.41 1.16 ± 0.47
9w 1.24 ± 1.13 - - 1.48 ± 1.09 - - 1.40 ± 1.19 1.00 ± 0.65
Connective tissue
1w 1.40 ± 0.58 0.01 - 0.96 ± 0.45 - 0.01 1.36 ± 0.49 1.64 ± 0.49
3w 1.68 ± 0.80 0.001 - 1.36 ± 0.86 - - 1.24 ± 0.52 1.28 ± 0.46
9w 2.12 ± 0.44 0.01 - 1.48 ± 0.51 - - 1.28 ± 0.54 1.88 ± 0.67
Irritation Pattern
1w 8.68 (SI) 8.68 (SI) 0.00 (NI) -
3w 9.12 (MI) 10.36 (MI) 5.00 (SI) -
9w 0.96 (NI) 7.28 (SI) 0.24 (NI) -
For G1, the presence of neutrophils and lymphocytes
at 1 week and lymphocytes and macrophages at 3 weeks
was higher than in C1+ (p < 0.001) and C- (p < 0.001);
neovascularization was higher than in C1+ (p < 0.001)
and C- (p < 0.01) at 1 week, while the presence of
connective tissue was higher than in C1+  (p  <  0.01,  p  <
0.001, p < 0.01) at 1, 3 and 9 weeks, respectively. For G2,
the presence of neutrophils at 1 week and lymphocytes
at 1 and 3 weeks was superior to C1+ (p < 0.001) and
C- (p < 0.001); the presence of lymphocytes at 9 weeks
was also superior to C- (p < 0.001); the presence of
macrophages was superior to C1+ (p < 0.05) at 1 week
and to  C1+ (p < 0.001) and C- (p < 0.001) at 3 and 9
weeks; the presence of giant cells was higher than in
C- (p < 0.001) at 3 weeks and C1+ (p < 0.05) and C- (p
< 0.01) at 9 weeks; neovascularization was higher than
in  C1+ (p  <  0.001)  at  1  week,  as  was  the  presence  of
connective tissue compared to C- (p < 0.01) at 1 week.
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Table 2 shows the biocompatibility found for
the G3 and control groups. For G3, the presence of
neutrophils at 1 week and lymphocytes at 1 and 3 weeks
was higher than in C2+ (p < 0.001) and C- (p < 0.001); the
presence of macrophages was higher than in C2+ (p < 0.01)
at 1 week, while the presence of giant cells was higher
than in C- (p < 0.001) at 1, 3 and 9 weeks.
The biocompatibility of polymeric materials
exhibits high heterogeneity due to the wide range of
compositions and processing (BOW; ANDERSON;
DHAR, 2019). Biological responses vary from
persistent intense acute inflammation in alginate-
capsule membrane (JARDELINO et al., 2012), well-
vascularized granulation tissue with small to moderate
intensity of lymphocytes or presence of multinucleated
giant cells in collagenous (JARDELINO et al., 2010)
*Statistically signifi cant values between each test group and the control groups by experimental time through One-Way ANOVA with the Tukey-Kramer
post-hoc test. Test group: poultry bioapatite (G3). Positive control: commercial bone (C2+). Negative control: surgical wound without graft (C-).
Scores: non-irritating (NI), slightly irritating (SI) or moderately irritating (MI). FBGC: Foreign body multinucleated giant cells
Table 2 - Quantitative analysis of the biocompatibility of poultry bioapatite (G3) versus controls in the subcutaneous tissue of mice
over the experimental times (T) of 1, 3 and 9 weeks (w) (mean ± standard deviation of 25 fi elds per treatment)
Criteria T






1w 1.56 ± 1.47 0.001 0.001 0.16 ± 0.62 0.24 ± 0.44
3w 0.08 ± 0.28 - - 0.12 ± 0.33 0.08 ± 0.28
9w 0.08 ± 0.28 - - 0 0
Lymphocytes
1w 2.84 ± 0.37 0.001 0.001 2.28 ± 0.80 0.72 ± 0.46
3w 2.40 ± 0.50 0.001 0.001 1.60 ± 1.00 0.60 ± 0.50
9w 0.80 ± 0.65 - - 0.76 ± 0.72 0.44 ± 0.51
Macrophages
1w 1.08 ± 0.57 0.01 - 0.28 ± 0.46 0.40 ± 0.56
3w 0.72 ± 0.46 - - 0.04 ± 0.20 0.40 ± 0.50
9w 0.24 ± 0.44 - - 0 0.12 ± 0.33
FBGC
1w 1.32 ± 0.90 - 0.001 1.20 ± 0.65 0.04 ± 0.20
3w 2.48 ± 0.87 - 0.001 1.84 ± 0.75 0.04 ± 0.20
9w 2.24 ± 0.60 - 0.001 1.32 ± 0.63 0.16 ± 0.37
REPAIR
Neovascularization
1w 1.24 ± 1.05 - - 2.00 ± 1.58 1.00 ± 0.82
3w 1.60 ± 0.87 - - 1.20 ± 0.41 1.16 ± 0.47
9w 1.64 ± 0.91 - - 1.40 ± 1.19 1.00 ± 0.65
Connective tissue
1w 1.16 ± 0.37 - - 1.36 ± 0.49 1.64 ± 0.49
3w 1.56 ± 0.51 - - 1.24 ± 0.52 1.28 ± 0.46
9w 1.76 ± 0.60 - - 1.28 ± 0.54 1.88 ± 0.67
Irritation Pattern
1w 10.56 (MI) 5.76 (SI) -
3w 9.84 (MI) 4.96 (SI) -
9w 5.80 (SI) 2.52 (NI) -
and cellulosic biomaterials (LUZ et al., 2020) to local
fi brosis in polymer-ceramic composites based on PLGA,
HA and βTCP (PEREIRA et al., 2019) or collagen and
HA (BITTENCOURT et al., 2014). For bioceramics and
bioglass, the presence of multinucleated giant cells or
granulation tissue in the host tissue-biomaterial interface
starting at 3 weeks is already expected as a chronic
inflammatory response to mineralized grafts with
moderate to high crystallinity (GIORNO et al., 2014;
LOMELINO et al., 2012; SENA et al., 2014). Natural
collagen of xenogeneic origin (bovine or porcine)
has been widely studied for its high biocompatibility
and angiogenic and agglutinating capacity, and it
is applicable as a framework or membrane barrier
(BITTENCOURT et al., 2014; JARDELINO et al., 2010).
Poultry collagen exhibits low immunogenicity and has
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potential clinical usability (PENG et al., 2010). When
used as a skin covering, poultry keratin accelerates
epithelial and connective repair, increasing the
number of blood vessels (YAO et al., 2017). Natural
bovine or alloplastic apatites, single (HA) or biphasic
(HA-βTCP), also exhibit adequate biocompatibility
(BITTENCOURT et al., 2014; GIORNO et al., 2014;
LOMELINO et al., 2012). There is scarce evidence of
the biocompatibility of poultry collagen and keratin
(PENG et al., 2010; WANG et al., 2016; YAO et al., 2017)
and a lack of subcutaneous testing with poultry apatite,
which makes this validation study important for new products.
Composites seem to be strategic for the development of
biocompatible and biomimetic materials for application in
bone tissue (BITTENCOURT et al., 2014) and the synergism
between G1, G2 and G3 may be explored in the future.
Biodegradability Analysis
Figure 5 shows distinct integrity profi les of the
grafted materials according to time and treatment. G1 and
G2 suffered a decrease in their initial volume at 1 week
post-grafting until they completely disappeared at 9 weeks,
while C1+ remained stable. G3 suffered a decrease in its
initial volume at 1 week post-grafting until it underwent
partial resorption at 9 weeks, while C2+ remained stable.
Table 3 shows the observed biodegradability
profi le for the test groups compared to their respective
positive control group. G1 and G2 showed lower
integrity than C1+ (p < 0.001) at 1 and 3 weeks, while
they completely disappeared at 9 weeks. G3 showed
higher integrity than C2+ (p < 0.001) at 1 week and both
remained present at the end of 9 weeks.
Figure 5 - Histopathological analysis of the biodegradability of poultry collagen (G1), nanokeratin (G2), bioapatite (G3) versus the positive
controls’ commercial collagen (C1+) (for G1 and G2) and commercial bone (C2+) (for G3), grafted into the subcutaneous tissue of mice along
the period of 1 week (A-E), 3 weeks (F-J) and 9 weeks (K-O). Material (M). Staining: HE, Magnifi cation: 40x. Scale bar: 200 µm
Criteria T
Experimental groups and p* values
G1 p G2 p C1+ G3 p C2+
Integrity
1w 1.20 ± 0.71 0.001 0.28 ± 0.46 0.001 3.96 ± 0.20 3.32 ± 0.85 0.001 1.44 ± 0.65
3w 0.16 ± 0.37 0.001 0.20 ± 0.41 0.001 3.88 ± 0.33 2.64 ± 0.76 - 2.48 ± 0.77
9w 0 0.001 0 0.001 2.48 ± 1.81 1.76 ± 0.93 - 1.84 ± 0.75
*Statistically signifi cant values between each test group and its respective positive control per experimental time by One-Way ANOVA with Tukey-
Kramer post-test. Test groups: collagen (G1), nanokeratin (G2), bioapatite (G3). Positive controls: commercial collagen (C1+) (for G1 and G2) and
commercial bone (C2+) (for G3)
Table 3 - Quantitative analysis of graft biodegradation versus positive control in the subcutaneous tissue of mice over the experimental
times (T) of 1, 3 and 9 weeks (w) (mean ± standard deviation of 25 fi elds per treatment)
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Polymeric materials tend to have more pronounced
biodegradability (JARDELINO et al., 2010), while
bioceramics (GIORNO et al., 2014) and bioglasses
(SENA et al., 2014) show good structural stability and
resistance to biological degradation. Composites with
chicken keratin and PLA show complete degradation
(ARANBERRI et al., 2017), while HA and collagen
remain with almost complete stability after weeks in the
subcutaneous tissue of rats (BITTENCOURT et al., 2014).
Such evidence explains the rapid degradation of G1 and
G2 compared to G3. The optimal degradation rate should
be compatible with tissue regeneration, varying according
to the biomedical application (LUZ et al., 2020). From
this perspective, G1 and G2 seem to be applicable as
hemostatic agents, and useful as frameworks for days to
weeks, whereas G3 could be developed as a bone graft to
remain for weeks to months during surgical recovery.
CONCLUSIONS
Poultry collagen, nanokeratin and biopatite
showed good physicochemical characteristics, including
purity and structural stability, good biocompatibility and
biomimicry. Collagen and nanokeratin showed a high
rate of biodegradability, undergoing total resorption
within 3 weeks, while bioapatite showed a low rate of
biodegradability, undergoing partial resorption at the end
of 9 weeks post-grafting.
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